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Abstract This paper presents the results of 7 years con-
tinuous measurement of acidic anions chlorides, nitrates,
and sulphates in PM;, particle fraction in the city of
Zagreb, Croatia. The mean annual mass concentrations of
the investigated anions in PM;q particle fraction varied
from 0.28 to 0.95 pg/m3 for chlorides, from 3.21 to
7.87 pg/m® for nitrates and from 3.98 to 9.71 pg/m’ for
sulphates. The concentration levels of all measured anions
showed significant seasonal differences. The most con-
tributing to the PM;o mass were sulphates, then nitrates,
and then chlorides. The mobile source emission was an
important contributor to particle mass.

Keywords Chlorides - Nitrates - Sulphates -
Ion chromatography

Airborne particles with an aerodynamic diameter of less
than 10 pm (PM,,) are considered as inhalable, and have
been found widely associated with health problems, due to
their direct effect on lung tissues or indirect effect as car-
riers of adsorbed toxic substances. They can also influence
many atmospheric processes including visibility variations
and cloud formation, and play a major rule in acidification
of rainfalls and affect climate (Bourotte et al. 2007; Wang
and Shooter 2001). The main concern of most air pollution
studies is the chemical composition of the particulate mat-
ter. The analyses of the airborne particles can provide
information about their chemical components, origin and
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specific emission sources. Characterisation of the aqueous
extract of the aerosols shows that the chemicals originating
from motor vehicle exhausts, soil dust re-suspension and
industry emission, mainly occur in an easily water-soluble
form (Fernandez Espinosa et al. 2002; Kyotani and Iwatsyki
2002). Many investigations have shown that, sulphate
(SO427), nitrate (NO5 ™), ammonium (NH,") and water-
soluble organic carbon are the dominant chemical species of
water-soluble matter in aerosol particles (Bourotte et al.
2007; Wang and Shooter 2001; Fosco and Schmeling 2006;
Wang et al. 2006; Xiao and Liu 2004).

This paper presents the results of 7 years continuous
measurement of major acidic anions chlorides, nitrates, and
sulphates in PM,q particle fraction in the city of Zagreb,
Croatia in relation to their mass concentrations, seasonal
variations, relative contribution of measured species to
PM o mass and the prediction of the relative importance of
pollutant sources.

Materials and Methods

Twenty-four-hour samples of PM,, particle fraction were
collected in the northern residential part of Zagreb, at the
distance of approximately 20 m from the road with
moderate to high traffic density. Sampling was carried out
continuously for 7 years (21 March 1999-20 March
2006). Samples of PM;, particle fraction were collected
on cellulose membrane and quartz filters using inertial
impactor at the average sampling flow rate of 70 Lpm,
from approximately 100 m® of ambient air. Filters were
dried to constant humidity in a desiccator for 24 h before
and after sampling. Particle mass concentration was
determined by gravimetry using a Mettler Tolledo MX5
microbalance. After that all the filters were cut into two
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parts. One half of the sampling filter was used to analyze
acidic anions.

Samples were extracted from filters using an ultrasonic
bath for 1 h at 40°C. The undissolved part was separated by
centrifugation. Blank samples (unexposed filters) were used
and processed simultaneously with the filed samples. For
anion content measurement we used a Dionex-120 ion
chromatograph equipped with suppressed conductivity
detection, a Dionex AS14: 4 mm Analytical Column and
AG14: 4 mm Guard Column. In this investigation, we fol-
lowed the same sample preparation and procedure, chemical
analysis of ionic species and quality assurance as described
in our previous publication (Cackovic et al. 2008).

Results and Discussion

Table 1 summarises the statistical parameters: number of
samples (N), mean values, standard deviations (SD),

median, and range (minimum and maximum values) of
mass concentrations of measured pollutants over the entire
measuring period.

Results show that mean annual mass concentrations of
PM, varied from 33.5 to 41.8 pg/m3. The mean annual
mass concentrations of the investigated anions in PM;g
particle fraction followed the order chlorides, then
nitrates, and then sulphate. Their mass concentrations
varied from 0.28 to 0.95 pg/m’ for chlorides, from 3.21 to
7.87 pg/m® for nitrates and from 3.98 to 9.71 pg/m’ for
sulphates.

Seasonal variations of anion mass concentrations in
PM;, particle fraction are shown in Fig. 1 for chlorides in
Fig. 2 for nitrates and in Fig. 3 for sulphates. Results show
that the concentration levels of all measured anions showed
significant seasonal differences (p < 0.01, ANOVA, one-
way). Chloride and nitrate values were high in the winter or
autumn and lower in the summer, while sulphates did not
show a clear seasonal trend.

Table 1 Mass concentration of

pollutants (g/m’) Measuring period ~ Statistical parameters PM; Cl™ NO;~ S04~

1999/2000 N 353 360 358 360

Mean £+ SD 41.8 +26.8 041 040 3.56 £ 3.25 5.43 + 4.65

Median 36.3 0.30 2.37 4.00

Range 4.3-221.8 ND-2.92 ND-23.30 0.49-30.22
2000/2001 N 360 365 365 365

Mean + SD 356 £ 188 0.28 £0.28 3.25 £2.72 4.62 +£3.30

Median 31.8 0.22 2.42 3.86

Range 2.9-106.3 ND-1.80 0.15-20.72 0.37-20.22
2001/2002 N 347 365 365 365

Mean £+ SD 394 £21.2 044 £041 321 £2.99 398 + 3.13

Median 36.6 0.30 2.00 3.11

Range 5.5-136.3 ND-5.31 0.11-21.01 0.19-20.56
2002/2003 N 323 364 365 364

Mean + SD 358 £238 043 £040 5.63 £5.34 7.62 + 6.77

Median 30.3 0.29 2.00 5.38

Range 2.6-137.1  0.04-3.40 ND-28.57 0.91-49.84
2003/2004 N 360 342 354 358

Mean £+ SD 335 £21.5 095+ 048 7.87 £5.86 9.71 + 6.19

Median 29.05 0.85 5.89 8.41

Range 1.1-119.4  0.11-3.82 0.23-38.73 0.50-41.85
2004/2005 N 363 358 357 357

Mean + SD 382 £ 267 047 £044 479 £ 4.40 7.55 + 6.54

Median 32.37 0.36 3.27 5.90

Range 1.6-198.7 ND-4.40 0.51-24.68 0.99-49.87
2005/2006 N 363 339 363 363

Mean £+ SD 404 +£29.5 039 +£0.34 4.48 +£5.00 6.35 + 5.81

Median 31.2 0.21 2.72 4.49

Range 6.2-199.9  ND-2.57 0.20-34.93 0.42-44.01

ND not detectable
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Fig. 2 Seasonal variations of nitrate mass concentration
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Fig. 3 Seasonal variations of sulphate mass concentration
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The high concentration levels of measured pollutants in
cooler period may be due to great emissions of pollutants
and their precursors from anthropogenic sources, combus-
tion of fossil fuels and motor vehicle exhaust, and
meteorological conditions. Particulate nitrate is mainly
formed by oxidation of nitrogen oxides (NO,) to nitric acid,
which then forms particles through reaction with sodium
chloride or with ammonia. In contrast to the oxidation of
SO, which always results in the formation of aerosol
SO42_ mass, HNO; formed by the oxidation of NO, is
distributed between the gas and aerosol phases (Khoder
2002).

The mass ratio of (NO;7)/(SO,>7) is therefore used as
an indicator of the relative importance of mobile or sta-
tionary sources of sulphur and nitrogen in the atmosphere
(Xiao and Liu 2004). Annual average mass ratios of
(NO3_)/(SO42_) obtained in PM,, (Fig. 4) were in the
range from 0.74 to 0.88, respectively, which suggests that
mobile source emission was an important contributor to
particle mass.

Figure 5 shows anion (chlorides, nitrates and sulphates)
mass content (%) in PM, particle fraction over the entire
measuring period. The most contributing to the PM;, mass
were sulphates in the range of 11.47%-25.45%, then
nitrates in the range of 9.03%-21.65%, and then chlorides
in the range of 0.79%-2.72%.

Seasonal variations of chloride mass content in PM;
particle fraction over the entire measuring period are
shown in Fig. 6. The same parameters for nitrate and sul-
phate content in PM; particle fraction are shown in Figs. 7
and 8.

Anion content varied with the season, and the lower
values were mainly recorded in the spring for chloride, and
in the summer for nitrate. Sulphate content also showed
significant seasonal differences with lower values in the
winter (p < 0.01, ANOVA, one-way).
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Fig. 8 Seasonal variations of sulphate mass content in PM, particle
fraction

Marked seasonal variations of chloride and nitrate
content could be attributed to the variation in the volatility
of ammonium and sodium salts leading to lower summer-
time values. The high sulphate content in the summer and
autumn may be due to strong solar radiation, and photo-
chemical gas-phase oxidation of gas precursor pollutants.
During the winter aqueous-phase oxidation of gas precur-
sor pollutant to secondary aerosols is common (Khoder
2002).

References

Bourotte C, Curi-Amarante AP, Forti MC, Pereira LAA, Braga AL,
Lotufo PA (2007) Association between ionic composition of fine
and coarse aerosol soluble fraction and peak expiratory flow of
asthmatic patients in Sao Paulo city (Brazil). Atmos Environ
41:2036-2048. doi:10.1016/j.atmosenv.2006.11.004

Calkovié M, §ega K, Vadi¢ V, Besli¢ 1 (2008) Characterisation of
major acidic anions in TSP and PM; in Zagreb air. Bull Environ
Contam Toxicol 80:112-114. doi:10.1007/s00128-007-9326-0

Fernandez Espinosa AJ, Rodriguez MT, Rosa JB, Sanchez JCJ (2002)
A chemical specification of trace metals for fine urban
particles. Atmos Environ 36:773-780. doi:10.1016/S1352-2310
(01)00534-9

Fosco T, Schmeling M (2006) Aerosol ion concentration dependence
on atmospheric conditions in Chicago. Atmos Environ 40:6638—
6649. doi:10.1016/j.atmosenv.2006.05.061

Khoder MI (2002) Atmospheric conversion of sulphur dioxide to
particulate sulphate and nitrogen dioxide to particulate nitrate
and gaseous nitric acid in an urban area. Chemosphere 49:675-
684. doi:10.1016/S0045-6535(02)00391-0

Kyotani T, Iwatsyki M (2002) Characterisation of soluble and
insoluble components in PM,s and PM,, fractions airborne
particulate matter in Kofu city, Japan. Atmos Environ 36:639—
649. doi:10.1016/S1352-2310(01)00494-0

Wang H, Shooter D (2001) Water soluble ions of atmospheric
aerosols in three New Zealand cities: seasonal changes and
sources. Atmos Environ 35:6031-6040. doi:10.1016/S1352-
2310(01)00437-X

@ Springer


http://dx.doi.org/10.1016/j.atmosenv.2006.11.004
http://dx.doi.org/10.1007/s00128-007-9326-0
http://dx.doi.org/10.1016/S1352-2310(01)00534-9
http://dx.doi.org/10.1016/S1352-2310(01)00534-9
http://dx.doi.org/10.1016/j.atmosenv.2006.05.061
http://dx.doi.org/10.1016/S0045-6535(02)00391-0
http://dx.doi.org/10.1016/S1352-2310(01)00494-0
http://dx.doi.org/10.1016/S1352-2310(01)00437-X
http://dx.doi.org/10.1016/S1352-2310(01)00437-X

192 Bull Environ Contam Toxicol (2009) 83:188-192

Wang Y, Zhuang G, Zhang X, Huang K, Xu C, Tang A, Chen J, AnZ Xiao HY, Liu CQ (2004) Chemical characteristics of water-soluble
(2006) The ion chemistry, seasonal cycle, and sources of PM2, 5 components in TSP over Guiyang, SW China, 2003. Atmos
and TSP aerosol in Shanghai. Atmos Environ 40:2935-2952. Environ 38:6297-6306. doi:10.1016/j.atmosenv.2004.08.033
doi: 10.1016/j.atmosenv.2005.12.051

@ Springer


http://dx.doi.org/10.1016/j.atmosenv.2005.12.051
http://dx.doi.org/10.1016/j.atmosenv.2004.08.033

	Acidic Anions in PM10 Particle Fraction in Zagreb Air, Croatia
	Abstract
	Materials and Methods
	Results and Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


